Introduction
============

Hepatocellular carcinoma (HCC) is currently the second leading cause of cancer-related deaths worldwide with an increasing incidence[@b1-dddt-10-1243] and is one of the most common hypervascular tumors with a poor prognosis owing to largely ineffective therapeutic options.[@b2-dddt-10-1243]--[@b4-dddt-10-1243] The treatment options for patients with HCC currently include resection, transplantation, and percutaneous ablation, depending on tumor size and staging.[@b1-dddt-10-1243] The palliative treatments include transarterial chemoembolization (TACE), radioembolization, and systemic treatments.[@b1-dddt-10-1243] Although surgical resection is the first choice for patients with HCC with 5-year survival rates up to 70%,[@b5-dddt-10-1243],[@b6-dddt-10-1243] it has been somewhat limited because \>80% of patients have liver cirrhosis.[@b1-dddt-10-1243] In addition, the growth sites of some HCC are near the first, second, and third hepatic portals, which are very hard for resection, resulting in a proportion of \<20% of clinical patients with HCC for resection.[@b7-dddt-10-1243],[@b8-dddt-10-1243] In HCC, 90% of blood supply is obtained from the hepatic artery and only 10% from the portal vein.[@b9-dddt-10-1243] In clinical patients with HCC, one reason for unfavorable prognosis is the high incidence of early microvascular invasion.[@b10-dddt-10-1243] Obviously, angiogenesis and the production of angiogenic factors are essential for tumor growth, invasion, and metastasis.[@b11-dddt-10-1243] Thus, TACE is the most common option used in the treatment of HCC in order to block the blood supply and induce tumor necrosis, without markedly affecting the hepatic blood supply,[@b1-dddt-10-1243] which provides a new approach and management for HCC treatment without the inconvenience of resection.[@b12-dddt-10-1243]

However, in our clinical practice, the protective efficacy of TACE for patients with HCC is unsatisfactory, with a high incidence of recurrence and metastasis, inducing a high death incidence. One important reason for this kind of unsatisfactory outcome is the upregulated expression level of vascular endothelial growth factor (VEGF) induced by ischemia and anoxia after TACE operation.[@b13-dddt-10-1243]--[@b19-dddt-10-1243] Moreover, VEGF is known to be central to promote tumor angiogenesis, and VEGF has been shown to increase vascular permeability, which is 50,000 times greater than the effect of histamine.[@b20-dddt-10-1243],[@b21-dddt-10-1243] Thus, the expression level of VEGF is correlated with the proliferation, metastasis, and the construction level of blood vessels, which directly indicates the proliferative rate and metastasis tendency of tumors.[@b22-dddt-10-1243] In order to reduce the incidence of recurrence and metastasis after TACE operation for patients with HCC, it is essential to simultaneously block the signal transduction of VEGF and to reduce the expression level of VEGF, which can prevent neovascular formation and improve the patients' survival rate. In the clinic, it is urgent and important to combine the TACE technology and targeting blocking technology of VEGF expression to improve the therapeutic effect of TACE.

RNA interference is an evolutionarily conserved surveillance mechanism through which 21- and 22-nucleotide small interfering RNAs (siRNAs) induce sequence-specific post-transcriptional gene silencing in many organisms.[@b23-dddt-10-1243]--[@b25-dddt-10-1243] Using RNA interference technology, previous studies showed that siRNAs targeting VEGF inhibited gastric cancer cell growth[@b26-dddt-10-1243] and gastric cancer growth in a nude mouse model of subcutaneous xenografts,[@b27-dddt-10-1243] inhibited the growth of malignant melanoma,[@b28-dddt-10-1243] and inhibited the tumor growth and tumor angiogenesis in orthotopic tumors in mice through intraperitoneal application of siRNA-VEGF.[@b29-dddt-10-1243] Up to now, the most commonly used method for siRNAs delivery was tumor local injection in subcutaneous xenografts with the disadvantages of somewhat diverse delivery method from human clinical applications. Recently, some studies have reported the drug delivery method for siRNA by intravenous injection, with the disadvantages of poor targeting to tumors and high drug toxicity, which restricts its application in the clinic.[@b30-dddt-10-1243]--[@b32-dddt-10-1243] In order to overcome the aforementioned disadvantages, in this study, we plan to use the transarterial embolization (TAE) technology to deliver the siRNAs for the first time and to evaluate the effect of VEGF knockdown on tumor growth of HCC in vivo via interventional treatment of HCC in clinical application with two aspects of advantages. One advantage is the fact that the unique affinity and avocation of HCC to lipiodol to improve the targeting property.[@b33-dddt-10-1243],[@b34-dddt-10-1243] Another advantage is that lipiodol may have the property to wrap up the siRNAs as an emulsifying agent to protect the siRNAs from degradation by the substances in blood.

Materials and methods
=====================

Cell line and animals
---------------------

Rabbit VX2 carcinoma cell line used in this study was preserved in our laboratory, which was bought from Chinese Academy of Medical Sciences. The adult New Zealand White rabbits were provided by Zhejiang Academy of Medical Sciences, Hangzhou, People's Republic of China. All experiments were approved by the animal research committee of Zhejiang University. Every effort was made to minimize the numbers and any suffering of the animals used in the following experiments.

Preparation of siRNAs
---------------------

Three siRNAs targeting rabbit VEGF and one scrambled siRNA (used for a negative control) with the sense and antisense sequences were designed according to the rabbit VEGF messenger RNA (mRNA) complete sequence for all the VEGF isoform in NCBI. The targeting sequence and its location of each siRNA in rabbit VEGF cDNA were summarized in [Table 1](#t1-dddt-10-1243){ref-type="table"}. The selected siRNA sequences were blast searched against expressed sequence tag libraries to ensure that only a single gene is targeted. All siRNAs were synthesized by Biomics Biotechnologies Co., Ltd. (Jiangsu, People's Republic of China) using 2′-bis (acetoxyethoxy)-methyl ether protection chemistry as mentioned in previous report.[@b35-dddt-10-1243]

Cell culture conditions and transfection of siRNAs
--------------------------------------------------

The VX2 cells were cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco BRL; Thermo Fisher Scientific) at 37°C in a humidified atmosphere at 5% CO~2~. Cells were seeded in a 12-well plate with a density of 5×10^5^ cells/well. After 24 hours and 70%--80% confluence, the cells were transfected with respective VEGF siRNAs (50 nM) and scr-siRNA (50 nM) in serum-free medium using Lipofectamin 2000™ (Thermo Fisher Scientific) according to manufacturer's instructions. After incubation for 6 hours at 37°C, the medium in each well was then replaced with Dulbecco's Modified Eagle's Medium, with 10% heat-inactivated fetal bovine serum for another 48 hours. The conditioned medium in each well was collected for enzyme-linked immunosorbent assay (ELISA), and the cells in each well were collected for quantitative reverse transcription polymerase chain reaction (RT-qPCR) assay. The FAM-scr-siRNA was used to optimize the proportion of siRNA and Lipofectamin 2000 using an inverted fluorescence microscope (TE2000-U; Nikon Corporation, Tokyo, Japan) as described previously.[@b36-dddt-10-1243]

VEGF ELISA
----------

Quantikine rabbit VEGF Immunoassay kit (R&D Systems, Inc., Minneapolis, MN, USA) was used to detect the secretion of VEGF into the cell culture supernatant according to manufacturer's instructions. Inhibitory rate of secreted VEGF (%) = (\[VEGF content in nontransfected group − VEGF content in transfected group\]/VEGF content in non-transfected group) ×100.

RT-qPCR analysis for VEGF gene expression
-----------------------------------------

The VX2 cells for RNA extraction collected above were washed with phosphate-buffered saline for three times. RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. In all experiments, 2 μg of total RNA was reverse transcribed with M-MLV reverse transcriptase (TIANGEN) into cDNA in a final volume of 50 μL as mentioned in our previous report.[@b37-dddt-10-1243] In order to eliminate the variations in each group, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous internal control gene. An ABI7500 real-time PCR detection system apparatus was used to perform the quantitative expression study. The PCR forward primer and reverse primer for VEGF were 5′-GAGACCTTGGTGGACATC-3′ and 5′-CCAGGCTTTCATCATTGC-3′, respectively. The PCR forward primer and reverse primer for GAPDH were 5′-CAAGATTGTCAGCAACGCAT-3′ and 5′-GTCTTCTGGGTGGCAGTGAT-3′, respectively. The molecular sizes of amplification products for VEGF and GAPDH were 112 bp and 129 bp, respectively. The specificity of the PCR reactions was detected by size verification of the amplicon in a conventional 2% (wt/vol) agarose gels containing 0.05 mg/100 mL ethidium bromide. The 2^−ΔΔCt^ method was used to calculate the relative expression level of VEGF gene as mentioned in our previous report.[@b37-dddt-10-1243] All reactions were run in triplicate and independently repeated at least three times.

Cell viability assay
--------------------

VX2 cells were harvested during the logarithmic growth phase and seeded in a 96-well plate at a density of 5×10^3^ cells/well. Then the cells in each well were transfected with siRNAs using the method mentioned earlier. After 48 hours incubation, 10 μL 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide solution (Sigma-Aldrich Co., St Louis, MO, USA; 5 mg/mL) was added to each well and incubated at 37°C in 5% CO~2~ for 4 hours. Dimethyl sulfoxide (Sigma-Aldrich Co.) at the volume of 150 μL was used to dissolve the formazan crystals, and the absorbance was measured at 490 nm using microplate reader (Varioscan Flash; Thermo Fisher Scientific) as mentioned in our previous report.[@b38-dddt-10-1243] Proliferative inhibitory rate (%) = (\[OD~490~ value in nontransfected group − OD~490~ value in transfected group\]/OD~490~ value in nontransfected group) ×100.

Tumor implantation and experimental design
------------------------------------------

A total of 30 rabbits (2.0--2.5 kg) were used for this experiment. The VX2 tumor model was induced and maintained by means of successive transplantation into the hind limb of a carrier rabbit. The donor tumor was excised and minced, and tumor cells (0.1 mL) were directly implanted into the subcapsular parenchyma of the left hepatic lobe after making a midline subxiphoid abdominal incision. The rabbits were maintained for 28 days after tumor implantation when the tumors were anticipated to be 15--50 mm in diameter.

One day prior to TAE, a liver computed tomography (CT) scan was performed (Philips Brilliance 64; Philips Medical Systems, Best, the Netherlands) with the animals in the supine position. The CT parameters included 3 mm collimation, 1.5 pitch, and a 1 mm reconstruction interval with 30% overlap, 120 kVp, and 120 mA. Triphasic CT scans were performed in the nonenhanced, arterial, and portal venous phases with an injection of 13 mL of nonionic contrast material (Ultravist; Schering, Berlin, Germany), at a rate of 0.5 mL/s, through the auricular vein.

On the CT scan, the sizes of the tumors were measured by two authors working in consensus. The tumor volume (*V*) was calculated according to the following equation: *V*=*a*×*b*^2^/2, where "*a*" is the longest diameter and "*b*" is the shortest diameter of the tumor. The animals with similar size tumors were distributed evenly to each group on the basis of the calculated tumor volume because the results of antitumor treatment can be influenced by the tumor volume.[@b39-dddt-10-1243],[@b40-dddt-10-1243] Thirty rabbits were divided into three groups (n=10 for each group) and treated with TAE with high-dose siRNA (5 mg/kg) plus Lipofectamin 2000 (0.76 mL/kg) and 0.2 mL lipiodol (Andre Guerbet, Aulnay-sous-Bois, France), low-dose siRNA (1 mg/kg) plus Lipofectamin 2000 (0.15 mL/kg), and 0.2 mL lipiodol, or control (2 mL normal saline and 0.2 mL lipiodol only), in a total volume of 2.2 mL for each group. The mixture was shaken with a vortex machine (WBZ-3222; Shibei Bioscience, Shanghai, People's Republic of China) for 1 minute at room temperature to make into an emulsifying agent. The mixed solution was immediately used for TAE.

Transarterial embolization
--------------------------

Four weeks after implantation of VX2 tumor in the liver, TAE was performed under fluoroscopic guidance by one interventional radiologist as shown in [Figure 1](#f1-dddt-10-1243){ref-type="fig"}. General anesthesia was induced, and the right femoral artery was exposed. A 5-Fr dilator, as a substitute for an arterial sheath, was inserted into the right femoral artery. With a 3 Fr microcatheter (Progreat; Terumo, Tokyo, Japan), celiac angiography was performed to identify the hepatic arterial anatomy and the feeder artery of the tumor. The left hepatic artery, which exclusively supplied blood flow to the tumor, was selectively catheterized via the common hepatic artery. After positioning the catheter within the left hepatic artery, a diagnostic angiogram was obtained. The prepared emulsion with a fixed volume was injected carefully to avoid efflux of the embolic materials out of the artery. The catheter was then removed, and the femoral artery was ligated.

Assessment of tumor growth ratio
--------------------------------

Twenty-eight days after TAE, follow-up CT examination was performed to identify deposit of lipiodol and to measure tumor growth ratio (GR). The GR was calculated by comparing the tumor volumes obtained before (Vb) and 28 days after (V28) treatment according to the following formula: GR = (V28/Vb−1) ×100%.

Histologic and microvessel staining analysis
--------------------------------------------

The rabbits were euthanized 28 days after TAE, and their livers were explanted for histopathologic examination, RT-qPCR, and Western blot analysis. The liver was sliced at 5 μm intervals in the axial plane, approximating the CT slice plane. The liver containing tumor that was easily identifiable was sliced in a similar fashion and then embedded for histopathologic examination. Vascularization and immunohistochemical staining were performed on the specimens with anti-CD34 monoclonal antibody according to the avidin--biotin peroxidase complex technique for evaluation. The vessel counting was performed as we described previously.[@b41-dddt-10-1243] In brief, the area of highest neovascularization was first identified by imaging of the tumor sections at low power (×40 and ×100). This area was then located subjectively, and individual microvessels were counted on a 200-power field in five to ten areas with an ocular graticule (area, 0.25 mm^2^) to enhance the precision. The mean counts in these five to ten areas were recorded. Microvessel density (MVD) counts were then determined by one pathologist without the knowledge of CT findings.

RT-qPCR analysis for VEGF gene expression and Western blot analysis for VEGF protein expression in rabbits' livers
------------------------------------------------------------------------------------------------------------------

The RT-qPCR analysis was performed as described previously.

Total proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on an 8%--10% gel. After electrophoresis, gels were transferred onto 0.45 μm polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA) and blocked with 2% bovine serum albumin for 2 hours at room temperature. The membranes were incubated with the VEGF (Abcam) primary antibodies at 4°C overnight. Secondary antibody is horseradish peroxidase-conjugated anti-rabbit (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 2 hours before detecting by chemofluorescence detection kit (Amersham, Piscataway, NJ, USA) according to the manufacturer's instructions. GAPDH was used as a control.

Assessment of hepatic and renal toxicity
----------------------------------------

Peripheral blood was drawn from the auricular vein in all the rabbits at 1 day before, 7 days, and 28 days after TAE. The plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine (Cr) levels were measured with a biochemical autoanalyzer (TBA-200FR; Toshiba, Tokyo, Japan).

Statistical analysis
--------------------

Each experiment was repeated at least three independent times. Data were expressed as mean ± standard error of the mean (SEM). Comparisons of mean values were performed using one-way analysis of variance followed by the Dunnett's test for post hoc multiple comparisons. A value of *P*\<0.05 was considered significant.

Results
=======

siRNA transfection optimization
-------------------------------

The FAM-scr-siRNA (fluorescein-labeled siRNA) with the same sequence of scr-siRNA ([Table 1](#t1-dddt-10-1243){ref-type="table"}) was used for siRNA protocol optimization to check for the transduction efficiency, as mentioned in a previous report.[@b42-dddt-10-1243] To test this, 12-well plates with VX2 cells were transduced with varied doses of Lipofectamin 2000 (0 μL, 0.5 μL, 1 μL, and 1.5 μL, respectively) and FAM-scr-siRNA (10 nM, 20 nM, and 50 nM, respectively), as shown in [Figure S1](#SD1-dddt-10-1243){ref-type="supplementary-material"}. Our results showed that the optimized transduction condition was 0.5 μL of Lipofectamin 2000 and 50 nM of FAM-scr-siRNA, which was optimal lipid transfection concentration with lower cell toxicity and higher transduction efficiency ([Figure S1](#SD1-dddt-10-1243){ref-type="supplementary-material"}). So we used the optimal transfection condition for further study.

siRNA efficacy analysis in vitro and in vivo
--------------------------------------------

In addition to lipid and siRNA optimization, it is also important that the assay can distinguish between siRNAs with different efficacies against a respective target. To test for VEGF siRNA target-specific efficacy, a negative control siRNA (scr-siRNA) was analyzed to provide a benchmark for off-target effects on VEGF knockdown ([Table 1](#t1-dddt-10-1243){ref-type="table"}). In addition, we examined three VEGF siRNAs to target rabbit VEGF as described in [Table 1](#t1-dddt-10-1243){ref-type="table"}. To determine whether the optimized transfection condition in VX2 cells mentioned previously also produced robust reduction in endogenous VEGF mRNA and protein via three technologies VEGF siRNAs, RT-qPCR, and ELISA, which were used to detect VEGF expression levels in vitro. Our results showed that the VEGF mRNA was significantly knocked out by ∼60% in the siRNA no 1 and no 3 group quantified using RT-qPCR technology and normalized to a nontransfected group ([Figure 2](#f2-dddt-10-1243){ref-type="fig"}). Moreover, of the three siRNAs synthesized, VEGF siRNA no 1 and no 3 also potently suppressed the synthesis and secretion of VEGF protein in VX2 cells after transfection with Lipofectamin 2000, while the scr-siRNA showed no effect ([Table 2](#t2-dddt-10-1243){ref-type="table"}). ELISA results for VEGF revealed that the inhibitory rates of secreted VEGF by VEGF siRNA no 1 and no 3 were 58.1%±7.3% and 51.9%±7.9%, respectively ([Table 2](#t2-dddt-10-1243){ref-type="table"}), which is coincident with the inhibitory rates at the mRNA level ([Figure 2](#f2-dddt-10-1243){ref-type="fig"}). Furthermore, we also detected the mRNA and protein expression levels of livers of rabbits at 28 days after TAE-mediated VEGF siRNA (no 1) in each group. As shown in [Figure 3](#f3-dddt-10-1243){ref-type="fig"}, the expression levels of VEGF mRNA ([Figure 3A](#f3-dddt-10-1243){ref-type="fig"}) and VEGF protein ([Figure 3B](#f3-dddt-10-1243){ref-type="fig"}) were significantly decreased in low-dose group (1 mg/kg) and high-dose group (5 mg/kg), compared with corresponding control group.

The viability inhibitory effect of VEGF siRNAs on VX2 cells
-----------------------------------------------------------

To further investigate whether the VEGF siRNAs could effectively inhibit the viability of VX2 cells, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was used to detect the viability inhibitory rate. After transfection of VEGF siRNAs (50 nM) with Lipofectamin 2000 (0.5 μL) for 48 hours, our results showed the viability inhibitory rate of VEGF siRNA no 1 and no 3 to VX2 cells were 38.5%±7.3% and 30.0%±5.8%, respectively, while the scr-siRNA has no marked effect ([Table 3](#t3-dddt-10-1243){ref-type="table"}). On the basis of these results, we selected VEGF siRNA no 1 as the most highly functional siRNA for further investigation on VX2 tumor model in vivo for HCC.

TAE operation
-------------

In all 30 rabbits, catheterization of the left hepatic artery was successful. [Figure 1](#f1-dddt-10-1243){ref-type="fig"} showed a diagnostic angiogram obtained after selectively positioning the 3 Fr catheter within the left hepatic artery, as well as the hypervascular tumor staining in the left hepatic lobe. The 2-minute infusion (TAE procedure) and 1-hour operation with a total 2.2 mL of 1 mg/kg (low-dose group) and 5 mg/kg (high-dose group) VEGF siRNA no 1 were well-tolerated. All rabbits recovered without complications.

Effect of VEGF siRNA on the GR of HCC
-------------------------------------

Four weeks after inoculation of VX2 tumor into livers of rabbits, the CT scan technology was used to detect the liver tumor size at 1 day before TAE operation and at 28 days after TAE operation, respectively. Our results showed that the liver VX2 tumors were increased obviously in the control group but decreased significantly in the low-dose group and high-dose group of VEGF siRNA combined with lipiodol and Lipofectamin 2000 ([Figure 4A](#f4-dddt-10-1243){ref-type="fig"}). At the meantime, it was obvious that lipiodol was accumulated at the margins of the liver tumor and that there was obvious necrosis in the (middle) center of tumor obtained from the results of the contrast-enhanced CT image, as shown in [Figure 4A](#f4-dddt-10-1243){ref-type="fig"}. The statistical results showed that the GRs of tumors at 28 days after TAE operation were 155.18%±19.42% in the control group, while the GRs in the low-dose group and high-dose group were 79.67%±19.63% and 36.09%±15.73%, respectively ([Figure 4B](#f4-dddt-10-1243){ref-type="fig"}). There were significant differences among these three groups ([Figure 4B](#f4-dddt-10-1243){ref-type="fig"}).

Effect of VEGF siRNA on MVDs
----------------------------

The liver was taken out at 28 days after the CT scan, and the immunohistochemical technology was used to detect the MVDs of HCC using the CD34 monoclonal antibody ([Figure 5A](#f5-dddt-10-1243){ref-type="fig"}). Compared with the control group (57.88±5.67 of MVDs), the MVDs were 34.22±4.01 and 22.63±4.07 in the low-dose group and high-dose group, respectively ([Figure 5A](#f5-dddt-10-1243){ref-type="fig"} and [5B](#f5-dddt-10-1243){ref-type="fig"}). The MVDs in these three groups showed significant differences ([Figure 5B](#f5-dddt-10-1243){ref-type="fig"}).

Toxicity evaluation of VEGF siRNA in livers and kidneys of rabbits
------------------------------------------------------------------

The peripheral bloods of rabbits in each group were taken at 1 day before TAE operation, 7 days, and 28 days after TAE operation, respectively. Then we tested the levels of BUN, Cr, ALT, and AST in these peripheral blood samples. Our results showed that the levels of BUN and Cr were hardly changed in each group and each time point we tested ([Figure 6A and B](#f6-dddt-10-1243){ref-type="fig"}). The levels of ALT and AST were not marked changed at 1 day before TAE operation and 7 days after TAE operation in each group, while at 28 days after TAE operation, the levels of ALT and AST were increased significantly in the control group compared with the low-dose group and high-dose group, respectively ([Figure 6C and D](#f6-dddt-10-1243){ref-type="fig"})

Discussion
==========

Treatment of patients with HCC is a big challenge in clinical practice based on the fact that patients with HCC need multidisciplinary clinical management and that selection of tailored treatments according to disease stage, patient age, and comorbidities.[@b1-dddt-10-1243] HCC is a hypervascular tumor and highly resistant to currently available chemotherapeutic drugs.[@b43-dddt-10-1243] Therefore, strategies that reduce angiogenesis and vascular invasion may lead to beneficial outcomes for patients with HCC, especially in advanced stage tumors.[@b44-dddt-10-1243] siRNA is a powerful tool for controlling cellular processes of gene silencing at post-transcriptional level due to its high sequence-specific inhibition efficiency.[@b45-dddt-10-1243] In this study, we demonstrated that the VEGF siRNAs designed by ourselves have the ability to effectively knockdown VEGF expression at both mRNA and protein levels in vitro and in vivo. Meanwhile, VEGF siRNAs have the ability to inhibit the viability of rabbit VX2 carcinoma cells in vitro for the first time, which is coincident with previous reports that VEGF siRNAs could inhibit the proliferation of several kinds of tumor cell lines.[@b46-dddt-10-1243]--[@b50-dddt-10-1243]

Interventional treatment of HCC, such as TAE, alone or combined with chemotherapy (TACE), remains a controversial treatment approach for patients with HCC.[@b51-dddt-10-1243],[@b52-dddt-10-1243] TAE or TACE usually mixed with lipiodol results in extensive tumor necrosis caused by ischemia based on the fact that the tumor blood supply depends mainly on the hepatic artery.[@b53-dddt-10-1243] Radiolabeled lipiodol has been used for targeting liver cancer and embolization of liver microvessels.[@b54-dddt-10-1243] These results clearly showed that lipiodol could accumulate around the microvessels of liver tumor in rabbit VX2 liver-transplanted model established as mentioned in a previous report,[@b55-dddt-10-1243] indicating that lipiodol has the ability to target liver cancer as mentioned in a previous report.[@b54-dddt-10-1243] Additionally, VEGF siRNA delivered by TAE technology in this study could effectively inhibit the growth of liver VX2 tumor via CT examination and the quantities of MVDs via detecting CD34 expression, indicating that targeting VEGF may be a potential treatment for liver cancer and that TAE technology may become a potential way to deliver siRNAs in clinical treatment. Furthermore, targeting VEGF via TAE technology combined with chemotherapy may become a powerful new way to effectively eliminate the insufficiency of clinical treatment of patients with HCC via TACE mentioned in "Introduction" section.

Kidney is the main organ by which drug and their metabolites are eliminated from the body and is the target for drug toxicity. The BUN and serum Cr are used to evaluate the functional capacity of the kidney.[@b56-dddt-10-1243] In this study, both the inoculation of VX2 tumor into the liver itself and the treatment of VX2 tumor via TAE-mediated VEGF siRNA had no toxicity to the kidneys of rabbits. ALT and AST are the important evaluation indexes of liver functions.[@b57-dddt-10-1243] Moreover, these results showed that inoculation of VX2 tumor into the liver itself at the later stage could induce significant increase in ALT and AST, indicating an obvious damage of liver functions, while VEGF siRNA delivered by TAE technology could effectively improve this kind of damage, indicating that VEGF siRNA delivered by TAE technology not only lacks toxicity to liver but also has the ability to protect liver damage induced by tumor growth.

Although TAE technology to deliver siRNAs is an effective approach used in this study for the first time, there are still some limitations needed to be investigated in further study, such as tests of stability of the siRNAs mixed with lipiodol and transfection reagent. In addition, VX2 is derived from a virus-induced papilloma, whose biological features such as growth and metastasis are similar with HCC but the sensitivity to chemotherapeutic drugs is different from HCC. Thus, in further study, we will design experiments to investigate the effect of TAE-mediated VEGF siRNA on the growth of human HCC cell models.

Conclusion
==========

In conclusion, we have demonstrated that treatment with VEGF siRNAs could reduce the expression levels of VEGF mRNA and protein in vitro and in vivo. Additionally, we also demonstrated for the first time that targeting VEGF could inhibit the growth of VX2 cells and VX2 tumor model, as well as could decrease the MVDs of VX2 tumor in rabbit by TAE-mediated siRNA delivery technology without toxicity to liver and kidney functions, indicating that targeting VEGF via TAE-mediated siRNA delivery technology may become a powerful new option to effectively treat HCC in the clinic.

Supplementary material
======================

###### 

Optimization experiment of transfection efficiency for siRNA using FAM-scr-siRNA.

**Notes:** VX2 cells were transduced in a 12-well format with FAM-scr-siRNA at the concentrations of 10 nM, 20 nM, and 50 nM for 48 hours. Blue fluorescence of DAPI and green fluorescence of FAM-scr-siRNA are shown.

**Abbreviations:** siRNA, small interfering RNA; DAPI, 4′,6-diamidino-2-phenylindole.
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![A diagnostic angiogram obtained after selectively positioning the 3 Fr catheter within the left hepatic artery.\
**Note:** White arrow indicates the hypervascular tumor staining in the left hepatic lobe.](dddt-10-1243Fig1){#f1-dddt-10-1243}

![Quantitative determination of expression levels of VEGF mRNA in VX2 cells treated by three VEGF siRNAs and scr-siRNA at 48 hours by RT-qPCR assay.\
**Notes:** The VEGF mRNA levels were normalized to mRNA levels in nontransfected group (after internal GAPDH normalization). The error bars were standard error mean of at least three independent measurements. Representative RT-qPCR products were visualized after electrophoresis in 1% agarose gels stained with ethidium as shown on the upper portion. Significantly different from the nontransfected group: ^\*\*^*P*\<0.01; significantly different from the scr-siRNA group: ^\#\#^*P*\<0.01.\
**Abbreviations:** GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mRNA, messenger RNA; VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; RT-qPCR, quantitative reverse transcription polymerase chain reaction.](dddt-10-1243Fig2){#f2-dddt-10-1243}

![The expression levels of VEGF at 28 days after TAE-mediated VEGF siRNA in vivo.\
**Notes:** (**A**) Relative expression levels of VEGF mRNA in each group. (**B**) Relative expression levels of VEGF protein in each group. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001, compared with each corresponding control group; ^\#^*P*\<0.05, compared with low-dose group.\
**Abbreviations:** VEGF, vascular endothelial growth factor; TAE, transarterial embolization; siRNA, small interfering RNA.](dddt-10-1243Fig3){#f3-dddt-10-1243}

![Effect of VEGF siRNA combined with lipiodol (TAE operation) on the growth ratios (GRs) of liver tumors induced by inoculation of VX2 tumor into the liver of rabbits by contrast-enhanced CT image.\
**Notes:** (**A**) Representative CT images showed the liver tumor size (red circle), lipiodol deposition, and obvious necrosis. (**B**) Statistical analysis of tumors growth ratios in control group (ten rabbits), low-dose group (ten rabbits), and high-dose group (ten rabbits). The error bars were standard error mean of tumors growth ratios among ten rabbits in each group. Significant differences among three groups.\
**Abbreviations:** TAE, transarterial embolization; VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; CT, computed tomography.](dddt-10-1243Fig4){#f4-dddt-10-1243}

![Effect of VEGF siRNA combined with lipiodol (TAE operation) on the microvessel densities (MVDs) of liver tumors induced by inoculation of VX2 tumor into liver of rabbits by immunohistochemical staining.\
**Notes:** (**A**) The anti-CD34 monoclonal antibody was used to detect the microvessel densities (white arrows in each group). (**B**) Statistical analysis of MVDs in control group (ten rabbits), low-dose group (ten rabbits), and high-dose group (ten rabbits). The error bars were standard error mean of MVDs among ten rabbits in each group. Significant differences among three groups.\
**Abbreviations:** VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; TAE, transarterial embolization.](dddt-10-1243Fig5){#f5-dddt-10-1243}

![Toxicity evaluation of VEGF siRNA plus lipiodol (TAE operation) in livers and kidneys of rabbits.\
**Notes:** (**A**) Blood urea nitrogen (BUN), (**B**) creatinine (Cr), (**C**) alanine aminotransferase (ALT), and (**D**) aspartate aminotransferase (AST) of serum in rabbits transplantated with VX2 tumor into the liver. Significantly different from the control group.\
**Abbreviations:** VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; TAE, transarterial embolization.](dddt-10-1243Fig6){#f6-dddt-10-1243}

###### 

Design of the potential three siRNA sequences targeting VEGF gene and one scrambled siRNA (scr-siRNA, used for a negative control), as well as their corresponding targeted sites

  siRNA ID      Sense sequences           Antisense sequences       VEGF target sites
  ------------- ------------------------- ------------------------- -------------------
  VEGF-siRNA1   UCGAGACCUUGGUGGACAUdTdT   AUGUCCACCAAGGUCUCGAdTdT   nt26--nt44
  VEGF-siRNA2   GGAGUACCCUGAUGAGAUCdTdT   GAUCUCAUCAGGGUACUCCdTdT   nt51--nt69
  VEGF-siRNA3   UGAUGAAAGCCUGGAGUGCdTdT   GCACUCCAGGCUUUCAUCAdTdT   nt126--nt144
  scr-siRNA     UUCUCCGAACGUGUCACGUdTdT   ACGUGACACGUUCGGAGAAdTdT   --

**Abbreviations:** siRNA, small interfering RNA; VEGF, vascular endothelial growth factor.

###### 

Comparison of VEGF expression levels in VX2 cells treated by three VEGF siRNAs and scr-siRNA at 48 hours by ELISA assay

  Group            VEGF (pg/mL)                                                    Inhibitory rate of secreted VEGF (%)
  ---------------- --------------------------------------------------------------- ---------------------------------------------------------
  Nontransfected   373.62±34.91                                                    0
  scr-siRNA        361.41±31.04                                                    3.2±0.7
  VEGF-siRNA1      156.76±33.10[\*\*\*](#tfn5-dddt-10-1243){ref-type="table-fn"}   58.1±7.3[\*\*](#tfn4-dddt-10-1243){ref-type="table-fn"}
  VEGF-siRNA2      357.54±30.20                                                    7.3±4.2
  VEGF-siRNA3      179.20±29.36[\*\*\*](#tfn5-dddt-10-1243){ref-type="table-fn"}   51.9±7.9[\*\*](#tfn4-dddt-10-1243){ref-type="table-fn"}

**Notes:** Data were expressed as mean ± standard error of the mean.

*P*\<0.01, compared with nontransfected group.

*P*\<0.01, compared with scr-siRNA group.

**Abbreviations:** VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; ELISA, enzyme-linked immunosorbent assay.

###### 

The viability inhibitory effect of VEGF siRNAs on VX2 cells at 48 hours by MTT assay

  Group            OD~490~ value                                                Viability inhibitory rate (%)
  ---------------- ------------------------------------------------------------ ---------------------------------------------------------
  Nontransfected   0.59±0.08                                                    0
  scr-siRNA        0.51±0.06                                                    12.8±3.5
  VEGF-siRNA1      0.36±0.04[\*\*\*](#tfn6-dddt-10-1243){ref-type="table-fn"}   38.5±7.3[\*\*](#tfn7-dddt-10-1243){ref-type="table-fn"}
  VEGF-siRNA2      0.50±0.07                                                    15.8±5.1
  VEGF-siRNA3      0.41±0.02[\*\*\*](#tfn6-dddt-10-1243){ref-type="table-fn"}   30.0±5.8[\*\*](#tfn7-dddt-10-1243){ref-type="table-fn"}

**Notes:**

*P*\<0.001, compared with nontransfected group.

*P*\<0.01, compared with scr-siRNA group. Data is expressed as mean ± standard error of the mean.

**Abbreviations:** VEGF, vascular endothelial growth factor; siRNA, small interfering RNA; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; OD, optical density.
